Abstract. For concentrated solar power (CSP) to be an effective replacement for power generation by fossil fuels, the thermal energy must be stored and then released for when demand exceeds production, such as during off-sun hours. Until now, there has been limited methods to reliably and efficiently release and control the extraction of thermal energy from a material containing stored sensible or latent heat. Due to their isothermal property, phase change materials (PCMs) storing latent heat are an ideal choice for storage, though it has proven challenging to reliably extract and utilize that heat. To solve this problem, the geometry of a thermosyphon was rearranged to create a thermal valve that is able to turn the flow of thermal energy from a PCM "on" and "off". A stainless steel thermal valve using sodium as the working fluid was designed, fabricated, assessed, and found to effectively and selectively extract heat from a 577°C molten aluminum PCM. It is expected that thermal valves will significantly contribute to more widespread implementation of CSP as a stored energy source from distributed generation to utility-scale power production.
INTRODUCTION
Global energy demands have increased sharply since the discovery and application of fossil fuels to generate usable energy [1] . Though fossil fuels have sustained our energy demand well until the present day, we must push strongly for the development and application of environmentally cleaner and more persistent energy sources. Harnessing the bountiful energy that our sun radiates is an obvious alternative energy source.
Large strides have been made in the technological development and application of photovoltaic (PV) cells to offset the demand for fossil fuel derived energy [2] . PV cells can provide ample low-cost electrical power in the day time. The evening and early morning hours are times when there is a domestic and commercial energy demand that PV cells cannot provide. Chemical battery storage is a solution to this problem, though it is currently being applied in very few PV applications, largely due to the high cost and short life spans of such systems [3] .
An alternative method to harness solar energy is concentrated solar power (CSP). This method uses large mirrors to reflect solar radiation to a smaller area and then harnessing the resulting thermal energy. This heat has been used to boil liquids that drive turbines which generate electricity [4] . External combustion (Stirling) engines have also been able to harness CSP [5] . Another method to harness CSP is the use of thermoelectric generators (TEGs). These solid-state devices convert a temperature differential across a semiconductor into an electrical potential [6] .
A large advantage CSP has over PV cells is the simplicity, low cost, and reliability of storing thermal energy. Thermal energy can be stored in any mass as either sensible heat (increasing the temperature) or as latent heat (melting or vaporizing) in a phase change material (PCM). Sensible heat thermal storage has been used simply and effectively for ages to heat homes with residual elevated wall temperature after the sun sets. More recently, large masses of fluids and solids have been heated and/or melted by CSP during the day and the thermal energy extracted at night [7, 8] .
Between sensible and latent heat energy storage, latent heat thermal energy has the advantage of heat transfer at nearly isothermal conditions. This allows for a simpler mechanical design due to the small operating temperature range. Though it is a relatively simple matter to store CSP energy in a PCM, an effective method of controlling and throttling the extraction of thermal energy from the PCM has been an open and critical problem.
A promising solution to this problem is to leverage the exceptionally high effective thermal conductivity of thermosyphons (and heat pipes) with a unique geometry to permit passive control of the fluid flow. The following report describes the theory and design of thermosyphons used to extract thermal energy from a molten PCM and a "thermal valve" that is able to control that flow of thermal energy to an electrical power generating component. Then, the details of the experimental setup are reviewed. This is then followed by the presentation of the experimental results and a discussion of the implications of the data. Finally, the report concludes with some ideas for the future prospects of this research and technology.
THEORY
A thermosyphon is an initially evacuated, sealed vessel containing a fluid in a saturated liquid/vapor state. Heat enters through the vessel casing on the bottom and vaporizes some of the liquid resting on the inside lower surface, also called the evaporator surface. This vapor is then driven up to the top of the thermosyphon due to a pressure differential between the bottom evaporator region and the top region. At the top, the vapor condenses on the inner surface, also known as the condenser, and releases its latent heat of vaporization. The heat exits the thermosyphon casing in the condenser region and the resulting condensate is drawn back to the evaporator due to gravitational body forces. This cycle of evaporation and condensation continues as long as the evaporator is hotter than the condenser.
This thermosyphon concept is the basis of operation of the thermal valve, which allows control of this flow of heat. The evaporator of the thermal valve is a simple horizontal disc shaped region as shown in Fig. 1a . The evaporator is lined with a woven capillary wicking structure to spread the liquid over a uniform thickness and to draw the liquid to regions with high evaporation rates. The capillary wicking structure also decreases the superheating of the liquid by providing ample sites for vapor nucleation [9] .
Heat enters through the bottom evaporator plate from a mass of liquefied PCM that was charged with concentrated solar power, vaporizes the liquid saturating the capillary wick, and the vapor is then driven up the vapor tubes located along the periphery. The vapor then condenses on the cooler condenser surface where it accumulates in droplets. The condensate droplets then flow down the funnel sides, through the open shut-off valve, and returns back to the evaporator to complete the cycle. This is the "on" state of the thermal valve, which transfers heat with high efficiency and low thermal resistance.
To then halt the heat flow, the shut-off valve is simply closed as shown in Fig. 1b . When closed, the condensate is collected in the funnel above the shut-off valve. The evaporator dries out and no longer transfers heat through convection, only by solid conduction through the casing/vapor and radiation through the vapor. This is the "off" state of the thermal valve and it results in a low heat transfer efficiency and a high thermal resistance.
In order for a thermosyphon (or heat pipe) to function, the fluid pressure gains of the evaporation/condensation cycle must exceed the pressure losses. This is represented by the following relation [10] ,
where Δp c is the capillary pressure developed by the wick, Δp l and Δp v is this the pressure loss due to viscous liquid and vapor effects respectively, and Δp g is the pressure gain due to gravitational body forces pulling the liquid down.
The details of calculating these terms has been presented in previous research [11] . Given the specific geometry of the current experimental prototype, the capillary pressure is 2280 Pa, the viscous liquid and vapor pressure losses are 725 Pa and 1142 Pa respectively, and the hydrostatic pressure gain due to gravitational body forces is 2860 Pa. This results in an excess operating pressure of 3273 Pa, indicating that the thermosyphon will operate under the given conditions. Now that it is determined that the device will operate as designed, the performance characteristics are then calculated using a thermal resistance model [11] . In the "on" state, the total thermal resistance of the thermal valve is 0.00331 K/W and is dominated by the thermal resistance of the evaporator and condenser plates which are both stainless steel. The thermal resistance of the vapor is 1.65x10 -6 K/W and is orders of magnitude smaller due to its high convective flow. In the "off" state, the total thermal resistance is 15.5 K/W and is dominated by the high thermal resistance of the non-convective vapor. Most of the small quantity of heat transfer on the "off" state is through radiation and may be minimized by blocking the line of sight between the evaporator and condenser surfaces. Conduction along the vapor tubes and the central liquid tube can be minimized by decreasing the tube thickness and/or lengthening the tube/device length.
EXPERIMENT
The thermal valve shown in Fig. 2a was fabricated from stainless steel (SS304) and TIG welded together using 308L filler rod. The diameter of the 1.52 mm thick evaporator and condenser was 40.6 cm and the height from the evaporator to the condenser was 36.2 cm. The condensate funnel had an angle of 45° from horizontal. The three vapor tubes and the liquid return tube had an inner diameter of 22.1 mm with a wall thickness of 1.65 mm. There was a 2.5 cm wide vertical band on the evaporator and condenser to allow vapor movement in the evaporator and unfettered condensate return from the condenser. The shut-off valve located at the mid-point of the liquid return tube was a hightemperature (648°C) bellows-sealed globe valve (Swagelok SS-12UW-TW-HT). The capillary wicking structure lining the entire evaporator surface was two layers of #100 stainless steel mesh (SS304) woven mesh with a 114 μm wire thickness. The wick was bonded to the evaporator surface with an array of spot welds.
The three heat pipes shown in Fig. 2b were used to transfer the heat from the PCM to the thermal valve evaporator. These 42.2 cm tall heat pipes were fabricated from 1.52 mm thick stainless steel (SS304) and assembled using TIG welds and 308L filler rod. The interior of the 22.1 mm ID tube and the bottom flared region were lined with two-layers of spot welded #100 capillary woven mesh with a 114 μm wire thickness. This served to distribute the working fluid evenly over the heated surface. The top condenser surfaces were left bare on the inside to permit condensate drops to flow down easily to minimize the thermal resistance of the latent heat rejection. These heat pipes were welded to openings in the 9.53 mm thick thermal valve evaporator plate.
Once assembled, the thermal valve and heat pipes were then prepared for operation. First, each device was leak tested with a high-vacuum helium spectrometer-based detection system to a rate of 10 -10 atm·cc/s, indicating no leaks. The device's interiors were then cleaned using a rinse of acetone, isopropyl alcohol, methanol, and finally deionized (DI) water. To improve the wettability of the stainless steel, the wicking surfaces were treated to a passivation process [10] with nitric acid heated to 50°C for 30 minutes. The interiors were then rinsed again with DI water and then dried with a nitrogen gas flow.
The thermal valve, PCM tank, and the heat pipes were then installed in a large vacuum chamber where the experiment was performed for safety and to minimize heat loss. The inner dimensions of the 22.2 mm wall thickness chamber were 91 cm x 91 cm x 122 cm. A separate vacuum feedthrough was provided for each heat pipe and thermal valve connected to 9 mTorr capable mechanical roughing pump. A 3600 W electrical resistance heater (Thermcraft FPH-C 12-1250) mimicked the heat input of CSP to the PCM. Cylindrical guard heaters surrounding the PCM and thermal valve were set to a temperature 10 K below them to minimize both heat loss and the need for large quantities of insulation. Water feedthroughs were installed to cool and quantify the heat transfer to the condenser. The vacuum chamber was evacuated with a cryogenic pump to a pressure of about 1 mTorr.
Given the high melting temperature of the chosen PCM, sodium was selected as the working fluid in the thermal valve and heat pipes. Because of its reactivity with moisture and oxidation in air, a system was developed to safely allow controlled injection of sodium into the devices. First, solid sodium pieces were weighed, inserted, and sealed into the vessel, shown in Fig. 3a , inside of an argon filled glovebox. Then the vessel was mounted with the other valves and tubes shown in the diagrammed arrangement to the heat pipes/thermal valve. All of the tubing, valves, and vessel surfaces exposed to sodium were wrapped with heater tape. While the vacuum pump was running, V V1 , V V2 , V D , V S1 , and V S2 were opened in that order, pulling all gasses out of the charging system and device. Then, V S1 and V S2 were closed and the heater tape temperature was set to 150°C. Once the sodium was confirmed to be liquid through the sight glass, V V1 and V V2 were closed, V S1 and V S2 were opened and the sodium was observed to flow down into the device. If it didn't flow down completely, V N was opened to allow 15 psi nitrogen gas to push the remainder of the sodium into the device. All valves were then closed and the original evacuation tubes were then connected to the heat pipes/thermal valve. The heat pipes each received approximately 80 g of sodium while the thermal valve received 130 g. A photograph of the actual sodium charging apparatus is shown in Fig. 3b. A diagram of the experimental setup is shown in Fig. 4 .
FIGURE 4. a)
The PCM is charged with the heat from concentrated solar and the thermal valve is "off". b) The thermal valve is opened and heat is transferred to the power block through the PCM, heat pipes, and thermal valve. c) After sunset, the stored latent heat in the PCM continues to release heat through the heat pipes and thermal valve.
Fifty kilograms of aluminum alloy 4047 (88% Al, 12% Si) with a melting temperature of 577°C served as the PCM and was contained in a stainless steel vessel. Heat was extracted from the condenser surface by an array of fourteen water heat exchangers mounted to thermoelectric generators located on the top surface of the thermal valve. The state of the experiment was either "charging", where the thermal valve was "off" and the heater was on to melt the PCM, "charging+discharging" where the thermal valve was "on" and the heater was on, or "discharging" where the thermal valve was "on" and the heater was off. These modes simulated the course of a day into evening.
During the experiment, temperatures were monitored with an array of ungrounded, shielded K-type thermocouples (TCs). The operation of each heat pipe was monitored with one TC inserted in the vapor space directly below the condenser plate. The thermal valve evaporator temperature was monitored with TCs inserted slightly above the wick surface. TCs were inserted into each of the three vapor tubes and also three were installed on the inner surface of the condenser. An additional TC was positioned low on the funnel where sodium would pool in the "off" state. TCs were additionally immersed into the PCM and also located on the water inlet and outlet of each of the fourteen heat exchangers. The flowrate of the water through the heat exchangers was monitored with a paddle style flowmeter (Omega FLR 1012-D). All TCs and flowmeter signals were sent to a data acquisition system (NI cDAQ-9178, NI 9213, and NI 9207) connected to a PC.
RESULTS AND DISCUSSION
Once all systems were in place and functional, the main heater temperature was increased gradually over 22 hours to a temperature of 720°C as shown in the plot in Fig. 5 . It can be seen that the PCM temperature increased steadily with the heater to the melting temperature of 577°C. The three heat pipe temperatures are also shown to increase with the PCM temperature, with the exception of HP #2. At about 24 hrs, the decrease in temperature is likely due to non-condensable gases (NCGs) trapped in the device and unable to be pulled out by the vacuum due to solid sodium blocking the evacuation tube. At about 40 hrs, fluctuations are seen in the HP temperatures which are likely due to sodium droplets flowing over the TC tip.
The corresponding temperatures of the thermal valve evaporator and condenser are shown in Fig. 6 . At about 24 hours, the evaporator and condenser are close in temperature indicating a functional thermosyphon. At that point, about 400 W of thermal power are being transferred to the water flowing through the HEXs. At 40 hours, the thermal valve was turned "off". As expected, the evaporator temperature increased slightly while the condenser temperature is decreased drastically. Furthermore, the thermal power transferred to the HEXs decreased to about 58 W after a couple of hours with a 343 K temperature difference between the evaporator and condenser.
At 48 hours, the thermal valve was turned "on" again showing a near instantaneous rise in condenser temperature and heat transferred to the HEXs. This "on/off" cycle was repeated again and the maximum heat transferred was measured to be about 430 W with an evaporator to condenser temperature difference of about 3 K. At 52 hours, the heater was turned off and all temperatures decreased to room temperature.
Due to the high operating temperature, the device tested here was fabricated from stainless steel with sodium as the working fluid. During operation on this small-scale integrated performance assessment, the measured thermal resistance of the thermal valve in the "on" state was 0.00698 K/W. This is about twice the valve calculated in the thermal resistance model and is likely higher due to the heat loss through the sides and top of the thermal valve. The thermal resistance in the "off" state it was 5.91 K/W, about one third of the value calculated in the thermal resistance model. That discrepancy is likely due to heat introduction from the guard heaters insulating the thermal valve. This nearly 850 times difference in experimental thermal resistance shows that the thermal valve is an ideal solution to the problem of reliable and efficient heat release of a thermal energy source.
CONCLUSION
One of the major barriers to implementing CSP at large scales has been the challenge of storing and then efficiently extracting the energy for use during off-sun hours. Here, thermosyphon geometry was reconfigured to solve this problem of selective and controlled release of stored thermal energy. This device, the thermal valve, was designed, fabricated, integrated, and tested in a high temperature PCM thermal storage application. It has only one moving part, a liquid shut-off valve, making it a mechanically robust device with the potential to operate for decades with proper design.
Though designed for CSP applications, this thermal valve concept may have widespread application in other industries. One possible application may be in the thermal forming processes often found in plastics manufacturing. There may also be applications in chemical processing, where a rapid application or extraction of stored heat is required.
Though proven successful in this relatively small-scale demonstration, there are several logical paths of continued research and design needed to bring this technology to commercial and industrial realization. First, the long-term reliability of the device must be assessed. This includes the minimization of NCG build-up during operation by proper cleaning, passivation, and sealing of the device. It also includes cycling the thermal valve "on" and "off" to determine the life span of the shut-off valve. Then, the device must be installed into a large-scale CSP system to prove the functionality in the application it was designed for. It is hoped that this technology can contribute at least a small amount to making CSP an accepted and widespread energy source that is beneficial to everyone.
